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SUMMARY 

Some experiments involving the development of the turbulent synmetric and asynmetric vortex flow about 
the lee side of a 5"* semiangle (Sr) conical forebody at high relative incidence (a/e^.) are discussed. The 
cone was immersed in a Mach 0.6 airstream at a Reynolds nuinber of 13.5 10^ based on the 1.4-.n (54-in.) axial 

length of the cone. 

Novel means of controlling the degree of asymnetry using blowing very close to the nose were investi- 
gated. Small amounts of air injected normally or tangentially to the cone surface, but on one ^ide of the 
leeward meridian and beneath the vortex farthest from the wall, were effective in biasing the asymmetry, 
kith this reorientation of the forebody vortices, the amplitude of the side force could be reduced to the 
point where its direction was reversed. This phenomenon could be obtained either by changing the blowing 
rate at constant incidence or by changing incidence at constant blowing rate. Normal injection appeared 
more effective than tangential injection. The contrarotating vortices in the penetrating jet flow were of 
opposite hand to the rotational directions of the forebody vortices. A distinctively organized and stable 
flow structure emerged with the jet vortice/ positioned above the forebody vortices. 

SYMBOLS 

Note: All force coefficients are referenced to cone base area = 449.6 cm* (69.7 in.^) and free-stream 

dynamic pressure. 

A cone base area 


S’Ss normal-force coefficient from balance 



local static pressure coefficient 


-op 



local pitot pressure coefficient 


Cy.Cyg 


side- force ::efficient from balance 


side-force coefficient from fnterrated surface pressures at x/L = 0.87 



u 

u 


V 


jet momentum coefficient 

base diameter of cone = 23.9 cm (C.4 in.) 

axial length of cone = 137.2 cm (54.0 in.) 

jet mass flux 

Mach number 

local static pressure 

local pitot pressure 

dy ramie p>^essure 

core raofus 

Reynolds number based on axial length o^ cone and tunnel free-stream conditions 
local velocity in direction of tunnel axis 
local velo'-ity, parallel to model axis 
sn. ic lei 'eloc’ty 

Idterr’l vpHc.cv, normal to tunnel (or model axis) 
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w 

w 

X 

X 

y 



♦ 

Subscripts 

51 

52 




vertical velocity normal to tunnel axis 
vertical velocity normal to model axis 
distance along tunnel axis 

distance along model axis, origin at pointed apex of cone 
lateral distance from tunnel (or model axis) 
nondimensional lateral distance 
vertical distance, normal to tunnel axis 
vertical distance, normal to model axis 
nondimensional vertical distance 
angle of incidence 
cone semi angle 

circumferential angle around cone surface, measured from windward generator, negative on 
port side and positive on starboard side (pilot's view from base of cone) 




free-stream mean flow conditions 
primary separation line 
secondary separation line 


1. INTRODUCTION 

1.1 Flow Asyninetry in the lee- .de Vortex Flow Field at High Angles of Incidence 

A present-day missile or military fighter aircraft must perform and be controllable up to high angles 
of incidence, where complex vortical flow fields exist about the leeward side of the vehicle. These vor- 
tices are generated at relatively sharp leading-edge extensions, wing leading-edges, and on the forebody. 

Once a given ratio of incidence a to seminose angle (the relative incidence) is exceeded, usually 
between 1 and 2 for a slender conical or tangent-ogive nose shape attached to a fuselage or cylindrical 
body, the orientation of the forebody vortices becomes asymmetrical with respect to the meridional olane 
(Refs. 1-5). (For the cone or tangent-ogive alone, the relative Incidence at which the onset of asymnetry 
occurs is closer to 3.) Substantial side forces and yawing moments then develop to affect the stability of 
the vehicle. In addition, these forebody vortices, perhaps in conjunction with the vortical flows from the 
wings, may interfere with downstream control surfaces to provide significant nonlinearities that are 
unpredictable. Depending on the strengths, locations, and breakdown of these vortices, an aircraft may be 
departuiXi- prone or departure- resistant to spinning (Ref. 5'. 

The onset of asymmetry and the initial direction of the side force are responsive to small changes In 
geometry at the nose, Reynolds number, and Mach number, up to incidences where conditions In the lee-side 
crossflow become transonic. As speed increases further, the significant side forces disappear (Ref. 2). 

The asyrrmetries occur in both laminar and turbulent flows so that transition is presumably not an essential 
ingredient causing asyimnetry. Notwithstanding, the implication from recent tests by lamont (Ref. 6) with a 
tangent-ogi ve cylinder at incidence, at Reynolds numbers encompassing laminar, transitional, and turbulent 
boundary-layer separation, is that the vortex wake is less structured ir. the transition domain leading to 
reduced side and normal forces at a given subsonic Mach number. In the fully laminar or turbulent regions, 
on the other hand, where the organization of the flow field is well defined, the resoective magnitudes of 
the side force are larger and are closely matched. It is likely that the levels of vorticity and acoustic 
disturbance in most wind tunnels will also affect the initial occurrence of asynmetries (Ref. 7). A 
rational explanation for the development of asymmetry in the flow may be related to the stability of the 
velocity profiles in the vicinity of the saddle singular point that exists in the stream above the body 
vortices (see Fig. 1). In the example of the flow about a circular cylinder situated perpendicularly to an 
oncoming stream, Nishioka and Sato (Ref. 8) determined instabilities to amplify initially in the region of 
the saddle point, to herald the cornnencement of asynwetric but well -structured wake flow. Thus, for a body 
of general shape at high incidence, we may conjecture that flow perturbations will impose fluctuations on 
the saddle point flow that will accentuate the instability mechanism. Evidence points to extremely small 
surface irregularities in the surface curvature at the nose as governing the initial direction of the 
asynuietry in the vortex flow field. This is understandable from the fact that a given body at incidence, 
under identical flow conditions, will provide a repeatable side force direction at a prescribed roll orien- 
tation; and near-mirror images of the side- force/ incidence performance for roll angles tDO”, as we show in 
Fig. 2. Despite this knowledge, production tolerances on a typical fighter aircraft may alter the asymmetric 
vortex flow development sufficiently to provide unpredictable stability problems (Ref. 5). We do not yet 
understand the influence of geometrical imperfections on the fluid mechanics, nor how the nominally small 
disturbances of the fluid flow at these imperfections car, amplify so considerably. A small flat, for 
instance, machined In turn on each side of the nose of a fiqh ter/ bomber swing-wing aircraft model was effec- 
tive in completely switching the sign and amplitude of the yawing moment (Ref. 9). 
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1.2 Control of Asymmetries in the Forebody Vortex Flow Field 

As the development of the asymmetry is particularly sensitive to surface curvature or roughness at the 
nose* it is conceivable that the degree of asymmetry in the forebody flow field could be controlled by 
deploying a single small strake or by spinning the nose (Ref. 10). The permanent installation of symmetri- 
cal nose strakes at the 90® circumferential angle station (Refs. 3, 11) or in helical form from the leeward 
meridian to the windward meridian (Ref. 12), have been shown to be effective at suporessing the onset of 
asymmetry, and roughness has been demonstrated to provide a similar benefit (Ref. 3). Unfortunately, the 
fixing of “add-on" large excrescences to the airframe is usually detrimental to the cruise-drag performance, 
and strakes that transform the symnetry of the cross section of the nose are accepted less than enthusiasti- 
cally by radar designers. 

It would appear that at forebody relative incidences (incidence to seminose angle, a/e^), where asym- 
fietry of the vortex wake conmences, we are always dealing not only with separation of the primary boundary 
layers that develop on each side from the windward generator, but with secondary separations of the lee-side 
boundary layer in addition (see Fig. 1). The onset of asYinmetry would seem to be characterized initially by 
a rapid, local movement circumferentially of one (or both) secondary separation lines followed, as incidence 
is increased further, by circumferential movement of the primary separation lines (Refs. 1 and 2). The 
asymmetric skin friction line pattern on the conical surface development shown on Fig. 3 illustrates this 
'latter flow situation, with "wobbly" primary and secondary separation line traces existing all along the 
cone (Ref. 13). Here, the free-stream Mach number is 2.94 and the relative incidence is 4.5. 

The asynmetric vortex wake usually develops from asyTunetrlc separation line positions on the body, but 
the latter does not appear to be a necessary condition for the former to occur. An appraisal (Ref. 14) of 
some earlier, low-subsonic speed tests of Shanks (Ref. 15) where forces and moments were measured on very 
slender, flat-plate, delta wings (sweep angles from 70® to 84®) at incidence, indicates that even though the 
separation lines were fixed at the sharp leading-edges, asymmetry in the leading-edge vortices, as deter- 
mined by the onset of significant rolling moment, occurred when the angle of incidence was about 3 to 4 times 
the wing seminose angle. This Incidence for asymmetry Is splendidly Illustrated, on the vapor screen pic- 
tures (Fig. 4), about another very slender delta wing immersed in a Mach 2.8 flow (Ref. 16). Nonetheless, 
the sharp edges have a beneficial effect In delaying the onset of asymmetry to higher relative Incidences 
than those obtained with smooth pointed forebodies or forebody/cy Under configurations (Refs. 2-4). 

Hence, we have the scenarios of (1) leeward asymmetries in primary and secondary separation line posi- 
tions coupled with asymmetric vortex flow (Fig. 3, for example), or (2) symmetric fixed primary separation 
line positions (but arynmetries no doubt, in secondary separation position) in Fig. 4, still yielding 
asymmetric vortex flow at suitably high angles of attack. The reasons for such flow behavior are evidently 
complex and perplexing. Nevertheless, the amplification of perturbations to produce an instability at the 
saddle point (Ref. 3) (and to which we alluded previously) would seem to cover the scenarios presented. 

Thus, the objective of the present investigation is to understand the fluid mechanics and to assess 
the efficacy of making small changes to the nose geometry by novel active or oassive means to alter asym- 
metries in the lee- side flow field about a typical conical forebody. This takes the form of symmetrically 
and asynmetrically disposed blowing from, respectively, an external compressed air source, or from a com- 
bined passive suction/blowing scheme from the windward side to the leeward. Some recent results of Shari r, 
Portnoy, and Rom (Ref. 17), for instance, have demonstrated the potential for control by synxiietrlcal blowing 
normal to the surface. They offered the surprising result that blowing symmetrically from jets on the wind- 
ward side of the nose of a missile configuration provided the most iffectiveness In diminishing the side 
force. We conjecture that blowing from the lee side, in the vicin ty of the separation lines, should pro- 
duce an even greater inpression on the asyinnetrlc flow development 

It will be noted that in its offering of some comprehension of the fluid mechanics of pneumatically 
perturbing the asymmetric vortex flow on a typical forebody, this paper Is a companion to the paper pre- 
sented at this meeting by Skow, Moore, and Lorincz (Ref. 18) which discusses the recovery of control and 
tne enhanced stability afforded by nose blowing on a fighter aircraft configuration. 

2. MODEL AND EXPERIMENTAL METHOD 

A circular cone Is the basic nose shape of many flight vehicles. At relative incidences typically less 
than J, it provides a useful configuration on which to develop synwetrical three-dimensional separated 
boundary layers growing, respectively, on the port and starboard sides from the windward meridian to the 
leeward meridian. Because of the near coni city of the separation lines and vortex development in both sub- 
sonic and supersonic turbulent flows (that is, neglecting the effect: of transition), the cone also provides 
a convenient experimental model to explo^ three-dimensional separations from detailed measurements at only 
one axial station. In so doing, a quantit*:1ve understanding of three-dimensional separation can be obtained 
that may be applicable to many other complex flow regimes. Above a relative incidence of 3 for the circular 
cone, however, the lee-side separations become asynmetric in subsonic flow. 

Recent measurenients have been made of the synmetric and asymmetric flow regimes on a 1.4-m (54-in.) long, 
5® semiangle cone, sting-mounted on a roll-gear in the Ames 1.8- by 1.8-m (6- by 6-ft) closed circuit wind 
tunnel (Fiq. 5) at a Mach number of 0.6. Stagnation pressures were subambient, yielding a typical Reynolds 
number of 13.5 ^ 10“ based on the cone length with nominally zero heat transfer conditions at the cone sur- 
face. No artificial tripping of the laminar boundary layer was employed in the nose region. Transition 

was considered to occur along the initial 20 of the cone length in this wind tunnel at Mach 0 6 where the 
relatively high acoustic disturbance level equalled 3. of the free-stream dynamic pressure. (Unpublished 
data by D. Buell and K. Raman, NASA-Ames Research Center.) The cone model was fitted with a slightly blunted 

tip with a radius of 4^ of the base radius. 

All detailed measurements on the cone surface (0® - ^ i ‘180") and i.r the lee-side flow field were made 
at an axial station 0.87 of the cone length aft of the (pointed) apex. Circumferential mean pressure dis- 
tributions were obtained with 0.51-rrin (0.020-in.) diameter static holes spaced at 2-1/2" intervals for 
0 •' I i ‘90® and at I" intervals for angles 90" - .* i *180". These orifices, as well as others along a 
cone generator and at the 0.85 and 0.95 axial length stations, were connected via “scani valves" to unbonded 
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strain-gage pressure transducers « We note that "port" and "starboard" refer to the left-hand and right- 
hand sides of the cone as a pilot would view them. The positive 4 direction Is on the starboard side. 

At a relative Incidence of 2.5, where synmetrlcal separated flow conditions still prevailed, pitot 
pressures were measured in the lee-side vortex wake with an array of 77 pitot tubes. Supportive three- 
dimensional laser velocimeter measurements of caean and root-mean-square velocities were obtained at the same 
relative incidence at the 0.87 axial station. The velocity field In the wake at points In the crossflow 
plane (perpendicular to the model axis) was measured with a two-color, forward-scatter, frequency-offset 
laser velocimeter, allowing two velocity components to be obtained simultaneously. A line diagram of the 
layout of the velocimeter is shown on Fig. 6(a) and a photoarapb of the sending optics In Fig. 6(b). With 

this system, the two primafy laser lines, namely 4880 and 5i45 A, were separated by means of a prism, P. 

These primary beams were each split by the Bragg cells B, and B 2 to obtain two pairs of divergent, 

frequency-offset beams. Each pair of beams then passed through a "cube" (Cj and C 2 ) that was ground to be 

slightly "off-square" to rectify the divergence. The four resultant parallel beams proceeded through the 
sending optics and were focused at the same point within the flow test region. Collecting optics on the 
far side of the wind-tunnel test section re-focused the scattered light onto a pair of photomultiplier 
tubes. The signals from those tubes were then processed to obtain two components of velocity of particles 
passing through the focal volume. Since we were seeking three velocity components, two sets of measurements 
were taken. In the first set, the laser beams were set normal to the tunnel axis so that the axial (u) and 
vertical (w) velocity components were found. From these two components the axial and vertical velocities 
in the crossflow plane perpendicular to the body axis could be resolved (see Fig. 6(c)). For the second set, 
the transmitting optics were rotated 21® about the z-axis and the measurements repeated. Now, one velocity 
component measured was again the vertical velocity whereas the second was a combination of the axial velocity 
(u) and the lateral velocity (v) in wind-tunnel coordinates. Thus, since the axial velocity had already been 
measured, the lateral velocity could then be calculated. In other words, the lateral velocity in the cross- 
flow plane is obtained, since it is the same in both wind-tunnel and body coordinates. 

The Bragg cells, which produce zero-velocity frequency offsets In both color systems, were incorporated 
to remove directi'^nal ambiguity from the measurements . Without this capability, Owen and Johnson (Ref. 19) 
have cautioned agr^ nst believing any measurements in flows that are unsteady or possess a high degree of 
turbulence. 

Prior to obtaining the pitot and laser velocimeter measurements at the relative incidence of 2.5, the 
position of the lee-side vortices adjacent to the cone surface was established under syninetrical and asym- 
metrical wake conditions utilizing a vapor-screen technique. Mater was introduced into the tunnel flow and 
a thin cross section of the flow, about 2 mm (0.1 in.) thick was illuminated. This was accomolished by 
passing either the green beam or the blue beam of the laser through a cylindrical lens (Fig. 7). By changing 
the location of the beam focus, a light sheet of variable divergence angle could be produced to illuminate 
the crossflow. The lens could be rotated manually about the y-axis and longitudinally and vertically using 
the velocimeter traverse gear such that any cross-sectional plane in the flow within the field of view cir- 
cumscribed by the tunnel window could be observed (see Figs. 5 and 7). Photographs of the scattered light 
were taken with a camera mounted on the sting/strut support, the camera axis being set nominally parallel 
with the cone surface. Prior to each test run a grid, placed at the axial test station, was photographed; 
the dimensions of the separated shear layers could then be compared against the grid. This flow visualiza- 
tion experiment was clearly important to determine a suitable mesh area over which to scan the focused laser 
beams to obtain the flow velocities. 

Once the synmetrlcal separated flow field had been investigated, small amounts of blowing near the nose 
were introduced in an attempt to control the gross asymmetries in the lee-side flow that develop above a 
relative incidence of 3. The frustum at the front of the cone model is detachable, as shown in Fiq. 8(a). 
Several new frustra of identical external shape were machined to include blowing holes at various circum- 
ferential stations (0®, ±60®, ±120®, and ±150®) and two or' flee diameters, 2.4 nm (0.096 in.) and 3.6 mm 
(0.140 in.) (Fig. 8(b)). The holes were drilled normal to the cone surface at the axial station (from 
a pointed apex). As well as providing for blowing normal to the surface, sets of right-angle tubes were 
constructed that could be inserted and glued into one or more of the surface holes to direct the air 
upstream or downstream along the local cone gene*^acor. The air passed to the plenum chamber in the nose 
frustum via a steel and flexible pipe with::, the cone model that was supplied with compressed air from an 
external source. A sensitive throttle valve outside the tunnel permitted control of the blowing pressure 
up to a maximum of 8 atm in the blowing plenum, corresponding with a maximum rate flow m of about 0.023 kg 
mass/sec (0.0016 slugs/sec). The jet momentum flux was calculated assuming sonic conditions at the jet 
orifice and a discharge coefficient of 0.8. The thrust coefficient, C;,, was referenced to the base area of 
the cone. Note that if the cone length is considered representative of an airplane nose as far back as the 
cockpit and the airplane is akin to a F-5 fighter, say, an equivalent thrust coefficient based on wing area 
is 0.05 times C^j. 

Overall force and moment measurements were obtained with an internal strain-gage balance. Mean and 
root- mean -square forces were measured. (Prior to the test runs, the natural resonances in the cone/s ti no 
strut support system were determined by shaking the model in the normal-force and side-force directions.) 
Initially all blowing ports were blocked with epoxy sealer. Once the no-blowing side- force direction versus 
incidence performance was ascertained, the appropriate side on which to eject the blowing air was conjec- 
tured as that opposite to the direction of the side force. In other words, if the pilot's view were side 
force to starboard, the starboard vortex would be closer to the surface, and opening a blowing port beneath 
the port-side vortex would reduce the asymmetry from the jet sink and entrainment effect (see Ref. 18). In 
a practical aircraft installation, yaw rate as measured on a yaw acceferometer would indicate the aoDropriate 
side from which to inject air (or other suitable gas). The degree to which this philosonhy was successful 
and the rationalization for the choice of the circumferenti al blowing location(s) are oresented in the 
following sections. Typical results are also shown in the form of the effect of incidence on side force 
development at a constant blowing rate; and the effect of blowina rate on side force at a constant incidence. 
The effectiveness of synmetriral blowing versus asymmetric blowing is also discussed. 
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3. RESULTS 

3.1 Symmetric Separaticn of the Lee-Side Cone Flow 

The physical characteristics of the symmetric mean flow field about the 5® semiangle cone Immersed in 
a Mach 0.6 stream at a relative incidence of 2.5 were discussed in Ref. 20. Salient features of those 
results however, are included to support the present laser velocimeter measurements. Figure 9 displays 
circumferential pressure distributions at the 0.87 length station for a relative Incidence of 2.5. We note 
good agreement between the two scans of data shown on the respective port and starboard sides. However, 
between the two sides there is a discrepancy In pressure level which may be attributable to a slightly 
yawed condition of the model relative to the oncoming free stream. 

As the three-dimensional boundary layer develops from the windward attachment line region = 0®) 
toward the minimum pressure point at - 100®, the crossflow grows rapidly. Figure 10 is a representati ve 
sketch of a typical skin friction line trajectory corresponding with this accelerating flow field. Once 
past the flank, the boundary layer proceeds around the lee side of the cone and encounters a stiffening 
adverse pressure gradient (Tig. 9). It thickens rapidly as we see in the laser vapor screen flow visualiza- 
tion photograph on Fig. 11. The angle between the skin friction line and a cone generator gradually reduces 
to zero (Fig. 10) dc which point the skin friction line runs parallel to a generator, the primary separation 
line, * 145®. The boundary layer detaches from the surface to form a tightly coiled vortex shown in 
Fig, 117^ Contours of constant pitot pressure deficit in the vortical flow field are plotted in Fig. 12. The 
vortex core location is close to ^ - 170® above the surface, further evidence of which Is shown on the 
pressure distribution of Fig. 9. At this same circurofer3ntial angle, we detect a substantial suction ueak 
on either side of the leeward meridian. This roll-up of the primary boundary layer scavenges fluid from the 
region of the leeward meridian encouraging a new boundary- layer growth outward and beneath the primary 
vortex structure. This new boundary layer, after initially accelerating, then meets its own adverse pressure 
gradient and separates at ♦sa ” ^^0® as a small secondary vortex tucked beneath the primary . The secondary 
vortex is within the small lobular region shown on the pitot contours of Fig. 12, 

The r*otational sense of the secondary flow (see Fig. 1) could also be seen when viewing the ^aser vapor 
screen through the tunnel window, but is not resolvable from the photographs of the flow. The typical con- 
verging skin friction line directions close to the primary and secondary separation lines are drawn on 
Fig. 10. At the locations of the separation lines, the root-mean -square voltages (normalized by the voltage 
of the onset mean flow) measured by a buried wire in the cone surface as the cone was rolled about its pitch 
axis indicated substantial amplification of fluctuation levels. (This can be done, as there is virtually vo 
sensitivity of the syi»metrical separated flow to roll orientation, in distinct contrast to the asyirmetric 
flow.) Correspondingly, when the root-mean-square pressure fluctuation at the surface was normalized with 
respect to the value of the local resultant shear stress, large increases in signal level were also 
obtained at the separation line positions. These and additional details are explained fully in Ref. 20. 

Preliminary assessments of the distributions of axial and vertical velocities in the crossflow plane 
obtained by the laser velocimeter and shown on Figs. 13 and 14 appear to confirm the dispositions of the 
primary and secondary vortices in relation to the pitot and vapor screen results. Figure 13, for examole, 
at z = 0.3, shows that tke axial velocity grows from a minimum value at the inboard extremity of the 
primary vortex (nearest to the meridian plane) to a maximum at the outboard extremity. Maximum values of 
root-mean- square velocity fluctuations occurred in the vicinity of the core positions (see also Ref. 20). 

The vertical velocities are shown on Fig. 14. The plot on Fig. 15, obtained from Fig. 14, iP trates the 
vertical velocity in the meridian plane and indicates the position of the saddle singular ooiuc that we drew 
on Fig. 1. Comparing this result at z = 0.43 with the region of measured pitot contours shown on Fig. 12, 
we observe this saddle-point location to be above the extremity of the vortex, in accordance with the flow 
model postulated on Fig. 1. We note further that in the conjectured crossflow projection (not a conical 
projection) of the streamlines about the cone err section in Fig. 1, that the sum of the nurijber of half- 
saddle singular points at the surface, nodes (focO and saddle point in the stream, satisfy the appropriate 
topology law (see Refs. 21 and 22). Hence, this flow topology, verified in most respects by the meosure- 
ments, appears to be a rational model of the flow. 

The lateral velocities, to be obtained from the inclined optics measurements, have not yet been reduced 
from the data. Sample checks, however. Indicate peak values to exist above and below the vortex centers, 
in accordance with intuitive reasoning. 

3.2 Asyirmetric Separation of the lee-Side Cone Flow 

Figure 16 is a laser vapor-screen crossflow picture of the Mach 0.6 lee-sid#» separated flow about the 
cone at a relative incidence of 2.9, once asymmetry has commenced. As incidence is raised further, the 
secondary vortices (see Fig. 1) become agitated, increasing in unsteadiness to the point of imposing motion 
on the primary vortices and their associated feeding shear layers. At this particular combination of Mach 
number, Reynolds number, and cone configuration with 4'*' nose bluntness, the starboard vortex moved aw^y from 
the cone surface, tending to roll over on ton of the port-side vortex. This event is shown on Fig. 17 as an 
oblique pilot's view from the port side. The vortices appear more diffuse than in the symmetrical separated 
flow, but there is no evidence of shedding. 

Along with this movement in the lee-side flow structure, we would exoect the resultant force vector to 
move toward the side of the cone against which one vortex is closest (the port side in this case). Figure 18 
demonstrates that the initial direction of side force is indeed toward the port side (i.e., a negative side- 
force coefficient, Cyg) in the free- stream Mach number range 0.6 • M, ^ 0.95 at R^ - 13.5 -10*. A switch 

in side- force direction will occur if the vortices reverse their disposition so that the starboard vortex is 
now closest to the surface. Figure 18 illustrates that at Mach 0.6 the reversal is imminent at a relative 
incidence of about 4.4. At all Mach numbers, we should point out that a small positive offset in Cyg exists 

at low incidences systematic with the discrepancy between the port and starboard pressure d1stribi4 ions dis- 
played on Fig. 9. 
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As Mach nuflfcer increases to supersonic, the cownencement in divergence of the side force is less pre- 
cise and is delayed to higher relative incidences. For purposes of comparison. Fig. 19 presents side force 
ve*^us incidence data taken with the same cone body as used herein but fitted with a sharp apex, in the 
NAE Ottawa 1.5- by 1.5-m (5- by 5-ft) blowdown wind tunnel at elevated Reynolds numbers, ' 35 10^. 

In subsonic flow, the onset of asymmetry occurs at a lower relative incidence with the sharp tip than with 
the blunt tip. The substantial attenuation of side- force amplitude with increase of Mach number, hinted at 
in Fig. 18, is demonstrated impressively on Fig. 19. At Mach 4.27, there is no side-force development up 
to relative incidences of at least 5, under which conditions Rainbird (Ref. 23) has demonstrated the exis- 
tence of strong €ni)edded shock waves in the lee-side crossflow. These shocks certainly apoear to encourage 
a return to flow syninetry close to the body as we may infer from the highest incidence case shown for the 
delta-wing flow on Fig. 4. 

There is evidently a dependency of onset of asynmetry on cone tip condition (and shaoe) as well as 
Reynolds number and Mach number, as we present in summary form on Fig. 20. The critical angle of incidence 
for the onset of side force is here expressed as the incidence where the side force i^eaches S% of the normal 
force. We note that the onset angle of incidence varies between 2.5 and 4.5 times the cone seminose angle, 
a range somewhat higher than the nominal value of 2 reported for sharp cones and tangent-ogives by Keener 
and Chapman (Ref. 3) for Mach numbers less than 0.6. Their onset condition, however, was taken as the 
Incidence where the divergence in side force commenced, and so will always be less than th? criterion used 
above. 

3.3 Control by Blowing of the Asymmetry in the Lee-Side Cone Flow 

3.3.1 Side Force/ Incidence Performance with a Constant Rate of Normal or Tangential Blowing 

We speculated in section 2 (and see Ref. 18) that the injection of a small quantity of air from one 
side beneath the vortex farthest from the surface would tend to reduce the asymmetry in the lee-side vortex 
pair, the turning and penetrating jet flow providing an entrainment effect on the vortex. In section 3.2, 
we learned that the secondary vortices became violently unsteady once asywnetry began and incidence con- 
tinued to increase. Consequently, the first blowing position tried was a single orif at ISO*’ and 
was situated nominally between the locations of the primary and secondary separation lines (see Fig. 10). 
Before opening a blowing hole, however, the development of the side force with incidence was measured; the 
test was then repeated with the epoxy sealer removed from the blowing hole, but with no air injection, to 
determine whether the roughness of the hole itself had an influence. The usual result was that hole rough- 
ness Introduced on the lee-side of the cone made negligible change to the relative incidence at which 

significant side force developed. 

The effect of blowing normally to the cone surface from a single 2.4-mm (0.096-1n.) diameter hole at 
: * 150® is shown as Configuration 3 in Fig, 21. In contrast with the original cone nose labeled Config- 
uration 1, whose initial side- force tendency was illustrated in Fig. 18 to be to port (negative Cyg) this 

replacement nose (Configuration 2) develop*'d side force to the starboard side. Hence the blowinq hole was 
opened at c = -150® beneath the high vortex situated on the port side. The introduction of the jet air 
with Cj ^ 0.003 at relative incidences up to 2.5 exacerbated the no-blow Cyg magnitudes by many times 

Cu. Once a relative incidence of 3 was reached, however, the jet became highly interactive with the lee- 
side vortices to cause a complete reversal in the trend of side-force development. In Fig. 21, we see that 
the side- force coefficient reduces rapidly io zero and increases in the opposite direction to that of the 
no-blowing case. Figure 21 also displays that the root-mean-square amplitude of the side-force fluctuation 
(obtained from the balance) Is attenuated at high Incidence once the blowing Is activated. 

If the one blowing orifice between the primarv and secondary separations can exercise such powerful 

control by fluid amplification, what would be the effect of two jets? A second orifice of the same size of 

2.4 mm (0.096 In.) was then opened at vi = -120®. This orifice was situated on the windward side of the 
prinary separation line and is denoted as Configuration 4. In Fig. 21, we demonstrate no additional improve- 
ment with two holes blowing over the perfoimance w^th the single orifice. The significant control linq 
influence is exerted, evidently, inboard of the p-' ima ry seoaration line. Hence the windward position of 
blowing chosen as optimum by Sharir, Portnoy, and Pom (Ref. 17) on a missile configuration would not 
necessarily seem to be the most applicable. 

A test with a larger blowing orifice was then attemoted. Another conical nose frustum was attached to 
the cone body in which 3.6-nm (0.140-in.) diameter blowing orifices had been machined, Confiauration 5. 

Figure 22 shows that the no-blowing side- force/incidence characteristic for Configuration 5 is once again 
different than the two previous no-blowing cases (icn figurations 1 and 2). The initial direction of the 
side force is toward the port side but reverses at a relative incidence of 3.6. To control the initial 
direction of side-force, a blowing orifice was opened at i = 150^ on the starboard side. Configuration 6. 
Figure 22 shows that blowing at C^ * 0.006 provided a positive reversal in the initial trend of side- 
force develooment, which with increasing incidence, continued to generate ever-increasing positive Cyg. 

F'jure 22 also demonstrates the acceptable repeatability obtainable for the given nose over a spread of days 
between tests. 

Next, a passive suction/blowing scheme was tr^ed by opening another 3.6-mm (0.14C in.' diameter hole at 
: = 0- on the windward ray. This is called Configuration 7. With the external sucol of co.ioressed air 
closed off, air from the approaching windward flow could enter the plenum within the frusf im and exhaust 
out of the : = 150’ hole on the leeward side. The inflow through the i * O'’ hole wai smoothad by means 
of a countersunk "be! 1-routh" entry. Figure 22 shows that no alleviation in side-force divergence occurred 
when comparing the results with the no-blowing case. A partial explanation for the failure mav be attributed 
to a significant flow loss in the windward nole leaving only a marginal pressure difference to” drive any 
•'injected” air through the second orifice on the leeward side. 

Does d symmetrical blowing geometry offer an improvement over the asymmetric schemes looked at so far’ 
Retaining the two open orifices at f = 0% 150" as in Configuration 7, the : = -150’ orifice on the nor^ 
side was also unplugged (Configuration 8), allowing uir to 'ssue symetrical ly about the cone. The side- 
force/ inc idence performance for this latter blowing arrangement is also disnlayed in Fin. 22 . lf*e detect tha^^ 
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the syimetrical blowing rate of ^ 0.010 del ys the onset of asynmetry up to a relative Incidence of at 
least 3.4, but loses its effectiveness at higher Incidences. In terms of degree of side-force control per 
umt blowing mass or momentum flux, we might infer, from comparing Figs. 21 and 22, that the asymmetric 
single hole blowing scheme at = 150® is the most effective. 

The windward hole at ^ = 0® was plugged. The result of inserting one right-angle tube in the 3.6 mm 
(0.140-in.) diameter hole at = 150® with the blowing exit directed along a body generator towards 
upstream, is shown in Fig. 23. We see that the Initial divergence in side force without blowing (Configura- 
tion 9) is erased when the Injected air issues at 0.005 (Configuration 10). Blowing in the downstream 

direction provides a similar, favorable result (Configuration 12 and see Ref. 18). 

It is reiiiarkable, perhaps, that the direction of blowing, whether normal, or tangential upstream or 
tangential downstream, makes negligibly small difference to the degree of control available (compare Figs. 22 
and 23). It is as though the asywnetric jet, in terms of its effect on the forebody flow, may br thought 
of as a “controllable roughness element.” Notwithstanding, the role of the jet in the development of the 
lee-side flow field is evidently more complex and striking than this analogy might allow, as we see on the 
sequence of laser vapor screen pictuios demonstrated in the next section. 

3.3.2 Cone Surface Pressures and Laser Vapor Screen Flow Visualization during an Incidence Sweep with a 
Constant Rate of Normal Blowing, Configuration 6 

In Fig. 24, we view selected laser vapor screen pictures and circumferential distributions of surface 
pressure at the 0.87 axial station for Configuration 6 with a constant blowing rate, Cy ^ 0.006. These 
results correspond with the side- force/ Incidence performance illustrated in Fig. 22, at relative incidences 
of 0.43, 1.26, 2.08, 2.48, 2.9, and 3.72. The flow visualization pictures are views from the oilot’s posi- 
tion, behind the cone base. The bright appearance of the jet/vortex flow, in contrast with the shadowy 
nature of the vortices with no jet flow shown on Figs. 11 and 16, is thought to be associated with intense 
scattering of laser light from additional condensation occurring in the jet-vortex flow due to a low stag- 
nation temperature in the jet air. 

At low incidences. Figs. 24(a) and (b) illustrate that the under-expanded jet penetrates into the stream 
from the = 150® orifice, turning rapidly as it plumes outwards. The contra-rotating vortices of the jet 

flow itself are of opposite sign to those on the cone (with eventual separation) and are contained within 
the mushroom-shaped top of the vapor cloud. The pressure distributions on the same figures indicate no 
clearly determinable perturbations resulting from the jet flow. At relative incidences of 2 and above on 
Figs. 24{c)-(f), the flow visualization shows the jet as a separate snake-like entity existing above the body 
vortices. The flow visualization records at relative incidences of 2.08 and 2.48, and the pressures in 
Figs. 24(c) and (d), both corresoond with overall side- force magnitudes near zero. Further increase in 
relative incidence in Figs. 24(e) and (f) shows a striking difference between the size of the port and star- 
board vortices, with the starboard vortex, as it is closer to the surface, oroviding noticeable peaks in 
suction pressure and hence side force to the right. The mushroom cap to the vapor cloud becomes kidney- 
shaped concomitant with a counterclockwise rotation of the jet vortices as we see in the hypothesized flow 
structures in Fig. 25. We note that at the highest relative incidence of 3.7 shown in Fig. 24(f), the jet 
flow has appeared to ally itself with the (weaker) port-side vortex. The equivalent pressure distribution 
in Fig. 24(f) displays a complete asynmetry at all circumferential locations. 

The essential difference between the alternative flow structures shown on Fig. 25 is the saddle-point 
formation above the body vortices. If any magnification of instabilities in the region of the enclosing 
saddle point (see Fig. 1) is the governing flow mechanism promoting vortex asynmetry (roughness and waviness 
at the nose simply providing the initial direction that the side force should take) then Fig. 25(a) allows 
that the movement of the saddle point of Fig. 1 to a location well away from the body, above the forebody 
vortices plus jet, should reduce the influence of the saddle point. The sketch in Fig. 25(b), on the other 
hand, still permits the enclosing saddle point on Fig. 1 to be positioned close to the body surface where 
its influence on the adjacent flow field would still be dominant. Summing up this conjectural discussion, 
we might imply that Fig. 25(a) is a more credible flow topology, therefore, than that shown on Fig. 25(b), 
and can perhaps be better fitted within the vapor screen boundary on Fig. 24(f). 

3.3.3 Effect of Changing Blowing Rate on Side-Force Magnitude at Constant Incidence 

Figure 26 presents the control of the asymmetric side forces exercised by changing the blowing rate for 
those configurations (2, 4, 6, and 8) that utilize normal jets. In all cases, a relative incidence of 3 or 
greater was chosen for the comparison corresponding with tne A, B, and C positions on the (no-blowing) si de- 
force/incidence plots of Figs. 21 and 22. 

As blowing rab' Increased, Configurations ? and 4 utilizing the 2.4-mm (0.096-in.) asynmetrically 
disposed blowing orifices do not demonstrate a capacity to reverse the direction of the side force. The 
maximum change in amplitude is about a 50" reduction. On the other hand. Configuration 6 with the 3.6-irm 
(0.140-in.) diameter blowing orifice demonstrates powerful control over side-force development. Depending 
on blowing rate, Cyg can be set at a positive or negative value, with good repeatability. The usefulness 
of symmetrical norn«al blowing with Configuration 8 (at 050® and 0®, it will be remembered) is also 

recognizable. It would appear from Fig. 26 that symmetrical blowing is not as powerful as the asynmetric 
jet, but can nevertheless keep the side force within acceptable limits. 

Figures 27(a)-(q) show laser vapor screen flow visualization results and corresponding circumferential 
wall static pressure distributions for Configuration 6 at a fixed relative incidence of 3.3 and a varying 
C^,. These examples relate to the curve of side fc^'-e with change of normal blowing rate on Fig. ?6 which 
exhibited the most powerful control and reversal o ide-torce direction. 

The selection of Figs. 27(a)-(c) demonstrates flow features where there is a trickle of blowing air and 
the stronger port-side vortex generates a negative Cyg. The iet flow appears "attached" to the weaker star- 

board vortex. Figure ?7(d) displays the flow field, close to zero side force, where the body vortices are 
virtually syimetrical ly displaced and the port and starboard pressure distributions show little disagreement. 
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Increasing C. above 0.004 in Figs. 27(e)-(g) now drives the side force to an ever-increasing positive 
value, clearly demonstrated by the lengthening distance displayed between the port-side vortex and the cone 
surface. Note again that the jet flow becomes inseparable from the weaker vortex. 

Clearly the synmetry of the body vortices can be controlled by the jet momentum rate, and this syninetry 
reflects immediately on to the body pressure field. The asynnetry in the jet flow "suspended above the 
body vortices appears to be of lesser Importance. Because the rotation of the vortices in the jet now is 
of opposite hand to the body vortices, the jet flow cannot engulf them, nor can the jet be entrained into 
them. The speculative jet sink effect introduced earlier is presumably inadmissible. The jet flow will 
exist as a discrete entity in analogy, perhaps, with the spiral vortices emanating from foci on the nose 
region of a blunt body (Refs. 21 and 22). The rotational direction of these nose vortices is replicated in 
the jet flow. We postulate that these spiral vortices on the blunt body have a stabilizing effect on the 
lee-side flow field to provide a delayed onset of side force. The characteristic mechanism of tUe jet flow 
is to give a new structure or topology to the overall flow field (jet vortices plus body vortices) which at 
a suitable blowing rate offers a not dissimilar flow to that about the blunt body. 

Finally, Fig. 28, for the same chosen Incidence as in Fig. 27, compares the effectiveness of blowing 
tangentially upstream or downstream (Configurations 10 and 12, respectively) with that of normal blowing 
(Configuration 6). All blowing geometries possess the capability to reverse the direction of the side-force 
development, but the normal blowing has a wider range of applicable Cy. The effectiveness of the tangen- 
tial blowing at altering side- force magnitude diminishes at the higher blowing rates. Note, however, that 
for very small Cy va1 ues typically less than 0.0015, the trend of changing side force with Cy is of 
opposite hand to the trend when Cg > 0.0015. 

4. CONCLUSIONS 

Based on the pressures, forces, and laser vapor screen measurements about a 5^ semi angle cone in a 
Mach 0.6 flow under turbulent conditions, we may offer the following conclusions on the continuing explora- 
tion of the symmetrical separated flow zones at moderate relative incidence (a/9r ^ 2.5) and the effective- 
ness of nose blowing to control asymmetry of the lee-side vortex flow field at high relative incidences 
(a/Oc- 4): 

1. The capability of a new dual-beam laser velocimeter has been exploited to measure the mean veloci- 
ties in the symmetrically separated flow field and to determine the location of the saddle point above the 
body vortices In the plane of the leeward meridian. Together with pitot measurements and dimensioning of 
the boundary of the rolled- up shear layer from the laser flow visualization records, wall pressures, wall 
shear stresses and directions, plus previously obtained dynamic nieasurements at the surface (see Ref. 20), 
a panorama of three-dimensional flow separation is gradually being assembled. The importance of amplifica- 
tion of instabilities at the saddle point, in promoting forebody vortex asynnetry is mooted but has not yet 
been established; nor whether such amplification by close association with flow near the surface, causes 
the (eventual massive) unsteadiness of the secondary separations at high relative incidences. Hence, the 
initial attempt was made to control the asymmetiy by injecting air close to one or both of the secondary 
vortices, and by Implication, the region in the vicinity of the saddle point. 

c. Blowing on one side of the leeward meridian, from a single circumferential hole situated between 
the primary and secondary separation lines, but beneath the (weaker) vortex that is farthest from the sur- 
face, offers an effective means to reduce to zero (and to subsequently reverse) the direction of the side 
force. 

3. Blowing normal to the surface as a jet spoiler appears to be more effective than either upstream or 
downstream directed tangential blowing. 

4. In contrast to the asymmetric blowing principle, symmetrically disposed blowing nozzles appear less 
effective at corresponding momentum rates. 

5. The blowing rates required are very small, there being a large "fluid amplification" of the jet 
effect. A typical Cg required for an aircraft could be as low as O.noi for an equivalent blowing location. 

6. The jet does not engulf the forebody vortices in either the normal or tangential blowing arrange- 
ments. Its counter-rotating pair of vortices "float above" the forebody vortices forming a well -organized 
and recognizable topology. This is so for all blowing geometries, but with the tangential blowing, the 
structure is less well defined. 
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Fig. 1. Cross-flow topology of streamlines about 

circular cone at incidence with orimary and 
secondary separations. 
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SIDEFORCE COEFFICIENT. C 



Fig. 2. 5° semi angle cone side- force sensitivity to roll angle and Reynolds 

number at M„ = 0.6. 
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HOLLOW FRUSTim 





NOSE RADIUS = «» BASE RADIUS - 4JB nm |ai9 in.1 
CONE LENGTH. L ° 1.37 m (64 in.) 


BL0NIN6 HOLES AT )UL o 0.12 
AT0"0".±e0“. 

IRIGHT ANGLE TUBES MAY BE 
INSERTED INTO ANY HOLE) 


BLOWING PIPE 
COMPRESSED , 


(a) Blowing plenisn In conical frustum. 
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NONE 
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2.4(0.096) 
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3.6(0.140) PASSIVE 
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3.4 (0.132). FACING UPSTREAM 
NO BLOWING 
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3.4 (0.132). FACING UPSTREAM 
BLOWING 
TUBE 

3.4 (0.132). FACING DOWNSTREAM 
NO BLOWING 
TUBE 

3.4 (0.132). FACING DOWNSTREAM 
BLOWING 


(b) Normal and tangential jet positions (pilot's view of body cross sections). 


Fig. 8. Blowing design 
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KEY: 

• $1 \ f|c pressure orifice, 0.S1 mm (0.020 in.) diam 

<t>^^ PRIMARY SEPARATION LINE (CONVERGENCE) 

0S2 SECONDARY SEPARATION LINE (CONVERQENCF) 
<t>^ "REATTACHMENT" LINE (DIVERGENCE) 



Fig. 10. Unwrapped cone surface 
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Fig. 13. Mean axial velocities in cross-flow plane at x/L = 0.87, a/e^, = 2.5 
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Fig. 17. Laser vapor screen of asymmetrical vortices 
at d/S(- = 3.2: oblique (pilot) view from port side. 



Fiq. 18. Side forces on D ted cone, 0.6 < < 1.8. 









CRITICAL ANQLk FOR ONSET OF 
SIGNIFICANT ASYMMETRY 



X i<r* 

nose BLUNTNESS 

-<r 

4.5 

4% 

— o 

1X5 

4% 


1X5 

SHARP 


35 

SHARP 


ONSET BOUNDARIES WHERE Cyg = 0.06 Cng: ^ * V 



NO SIGNIFICANT 
SIDE FORCE AT 
»U«Z75 

t 




DIVERSE FOREBOOY SHAPES. 

INITIAL ONSET. REF. 3 

, I ,1 J 

.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 24 

FREE STREAM MACH NO., M<„ 


Fig. 20. Onset of significant side-force asynmetry 
(Cyg = 0.05 Chib)* 
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Fig. 22 . Incidence/side-force performance with con- 
stant nonnal blowing rate, jet hole 
diameter = 3.6 mm (0.140 in.). 








Effect of changina incidence at constant 
blowing rate, "■ 0.f)06: laser vapor 

screen and circumferential nressur'es at 
x/c ~ 0.87 (Configuration 6). 














(a) Close-ccupled let vortices and ''high'' rforebody; 

F1g. 25. Hypothesized flow structures of jet and 
forebody vortices. 
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